Introduction
As a consequence of the Montreal Protocol and its amendments, hydrofluorocarbons (HFCs) have been introduced as replacement compounds for both chlorofluorocarbons (CFCs) and hydrochlorofluorocarbons (HCFCs) since they do not deplete stratospheric ozone. The most abundant HFC measured in the atmosphere is HFC-134a [Carpenter et al., 2014] . HFC-134a has a steady state lifetime of 14 years; it is mainly removed from the atmosphere by its reaction with hydroxyl radicals (OH) and to a lesser extent by oxidation and photolysis in the stratosphere [Carpenter et al., 2014] . Its global average mixing ratio reached about 68 ppt (parts per trillion) in 2012 and has steadily increased, with a growth rate of 5 ppt/yr over the period 2011-2012 [Carpenter et al., 2014] , similar to the growth rate of 4.7 ppt/yr over the period -2008 [Montzka et al., 2011 .
While posing no threat to stratospheric ozone, HFC-134a is nevertheless of concern because of its long lifetime, combined with a relatively high global warming potential (GWP) of 1500 over the 100 year horizon [Forster et al., 2007; Harris et al., 2014] . Indeed, the HFC-134a contribution to atmospheric radiative forcing has grown from negligible in 1995 to 12 ± 0.2 mW/m 2 in recent years [Rigby et al., 2014] following the sharp emission rise over this period. Within current scenarios of continued HFC emission growth, its contribution to the radiative forcing of the climate system could be equivalent to 9-19% of carbon dioxide emissions by the year 2050 [Velders et al., 2009; Daniel et al., 2011] . Amendment proposals to address HFCs under the Montreal Protocol have been submitted in May 2014 [Environmental Protection Agency (EPA), 2014]. Since low GWP products exist for replacement of HFC-134a and for use in refrigeration and air-conditioning systems, HFC-134a is a key candidate for climate mitigation and it has come into the focus of international climate policy [Molina et al., 2009 ]. There is a growing interest in better estimating global and regional emissions of this species.
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HFC-134a has been the preferred replacement gas of CFC-12 (CCl 2 F 2 ) in developed countries. According to the Alternative Fluorocarbons Environmental Acceptability Study (www.afeas.org), in 2001, over 80% of the worldwide sales of HFC-134a fall into two categories: mobile air conditioning (MAC) and commercial refrigeration (in order of importance, HFC-134a from MAC reaching 70% of the global emissions [Montzka et al., 2014] ). These emission sources are the most important in Europe [Schwarz and Harnisch, 2003 ] and in the U.S. [EPA, 2008] . HFC-134a is emitted from air-conditioning systems to the atmosphere during use, servicing, repair, and vehicle end of life [Clodic et al., 2005; Kuijpers, 2011] . Wimberger [2010] took HFC-134a samples from vehicles on dismantler lots in California and found that on average only 27% of the initial HFC-134a remained in the mobile air-conditioning system before dismantlement, meaning that 73% had been released into the atmosphere.
Very large uncertainties remain in the inventory-based quantification of global and regional HFC-134a emissions , due to the diversity of emission processes and consumption habits [Clodic et al., 2005; Atkinson et al., 2003; Rugh et al., 2004] . For instance, estimations of the HFC-134a emission rate from traffic [Wallington et al., 2008] and domestic sector suffer from large uncertainties. The usage of HFC-134a for air conditioning varies not only with climate but also with region-specific equipment rate of airconditioning systems in cars or national commitments within the United Nations Framework Convention for Climate Change (UNFCCC).
In this context, attempts have been made to deduce HFC-134a emission maps from HFC-134a atmospheric mole fraction measurements by statistical top-down methods. Stohl et al. [2009] developed their own global gridded HFC-134a emission inventory based on UNFCCC reporting and optimized it from atmospheric measurements using an inverse procedure and a Lagrangian transport model for years 2005 and 2006 . Other studies focused on subcontinental regions: the U.S. Manning and Weiss, 2007; Hu et al., 2015] , Europe [Keller et al., 2012] , and East Asia Kim et al., 2010] . Some disagreements exist between these top-down estimates: Stohl et al. [2009] Stohl et al. [2010] . Therefore, they could not assess the global and regional emission growth rates since the enforcement of the Montreal Protocol in 1994 (Copenhagen Amendment).
This study aims to evaluate the evolution of HFC-134 emissions to the Montreal Protocol at the global and regional scales as seen from atmospheric measurements over the period 1995-2010. The atmospheric inverse system includes a global chemistry transport model at a resolution of 3.75°× 2.5°. This allows the assessment of HFC-134 surface fluxes at the grid resolution, at an 8 day frequency, with a simultaneous optimization of OH concentrations in four latitudinal bands. Details on the inverse system and on the methodology are given in section 2. The inferred fluxes are analyzed in section 3 in terms of global and regional trends as well as seasonal variability.
Methodology
Our strategy follows the one applied by Fortems-Cheiney et al. [2013] for the study of HCFC-22 emissions. In our inverse system, a state vector x, representing the emissions, is optimized in order that both the distance between the atmospheric observations y and the simulated concentrations H(x), and the distance between x and a prior knowledge on the emissions x b , are minimized given the respective uncertainties of y and x b . Their error covariance matrices R and B, respectively, represent these uncertainties. The Bayesian cost function J defined below is minimized iteratively and provides a solution, called posterior in the following.
The minimization is performed by the M1QN3 limited-memory quasi-Newton minimization algorithm [Gilbert and Lemaréchal, 1989 ] and exploits the adjoint operator of H. We reduce the norm of the gradient of J by more than 99%.
H represents the chemistry transport model and the nonlinear observation operator. The transport model is the offline version of the atmospheric general circulation model LMDz [Hourdin et al., 2006 ]. The main sink of HFC-134a in the troposphere is its reaction with the radical hydroxyl OH: CH 2 FCF 3 + OH · → CHFCF 3 + H 2 O. The chemical scheme coupled to LMDz represents only the interaction between the radical hydroxyl OH and HFC-134a, and the other sinks are neglected. We use the reaction rate k = 1.05 × 10 12 exp(1630/T) cm 3 molecule À1 s À1 , as recommended by Sander et al. [2011] . The OH distribution is also optimized by the inverse system. The prior OH 3-D fields result from a simulation with full chemistry of the model LMDz-INtéractions Chimie et Aérosols [Hauglustaine et al., 2004] .
As a result, our state vector x includes (1) HFC-134a initial concentrations for 1 January 1995 at 00:00 at the model resolution (3.75°× 2.5°in longitude, latitude) and (2) HFC-134a surface emissions at an 8 day and at 3.75°× 2.5°resolution, for the 1995-2010 period-four factors to scale the OH prior atmospheric concentrations at an 8 day resolution, for four latitude bands (90°S-30°S, 30°S-0°, 0°-30°N, 30°N-90°N).
Prior Setup
Our gridded HFC-134a prior emissions in x b are mostly taken from the EDGAR-v4.2 inventory (source: EC-JRC/PBL, http://edgar.jrc.ec.europa.eu/, 2011), which provides yearly estimates until 2008. We adapted this prior source specifically for China following Stohl et al. [2010] . Indeed, the small HFC-134a emissions in China (ranging from 0 in 1995 to about 1 Gg in 2008) suggested by the EDGAR-v4.2 inventory is not consistent with (1) the large development of air-conditioning systems in Chinese vehicles and (2) the ban of CFC-12 production in this country since the end of year 2010. Hu et al. [2009] , using an inventory-based approach, estimated that the Chinese HFC-134a emissions from automobile (including cars, bus, and trucks) air conditioners have increased from 7.3 Gg/yr in 2005 to 21.2 Gg/yr in 2010. Applying a growth rate of 23%/yr of mobile air conditioners from 1995 to 2010 and assuming that automobile air conditioners account for two thirds of total HFC-134a emissions like Stohl et al. [2010] , we obtain prior Chinese HFC-134a emissions ranging from less than 1 Gg/yr in 1995 to 21 Gg/yr in 2010 (see Table 1 ).
For the rest of the world, we made no effort to adjust the EDGAR-v4. The grid point standard deviations of the prior errors assigned to the HFC-134a prior emissions are set at 100% of the flux. Prior error correlations in space are represented by an e-folding length of 500 km over land and temporal correlation by an e-folding length of 8 weeks. These prior error statistics lead to annual global HFC-134a budgets of 20 ± 4 Gg/yr for year 1995 and of 183 ± 34 Gg/yr for year 2010 (from now on, the plusminus signs represent the 1 sigma standard deviation), leading to a large 20% 1 sigma uncertainty. The resulting prior error uncertainty is ± 30% for Europe and about ± 35% for the U.S. and China, which fairly represents the large and uncertain interannual variability of the regional HFC-134a emissions in recent years.
The errors assigned to the scaling factors of OH are of 10% (1 sigma), based on the differences between various estimates of OH concentrations [Prinn et al., 2001; Krol and Lelieveld, 2003; Bousquet et al., 2005] .
Assimilated Observations
Our observation data set includes measurements of HFC-134a dry air mole fractions made at 21 sites, listed in [Yokouchi et al., 2006] ), respectively, named "event" and "daily" data in the database. Continuous measurements by the AGAGE and NIES networks were averaged over daytime, and these daily means were used as constraints together with the flask measurements. The total number of observational constraints for the entire period is 17,803.
The different stations are sparsely distributed over the globe but mainly located in the Northern Hemisphere ( Figure 2 ). Before 1998, there were mainly flask measurements available, leading to a small number of HFC-134a observational constraints (129 in 1997). After 1998, some continuous measurements were made gradually available, so that 643 constraints were used in 2003 and 2246 in 2007. The evolution of the total number of observational constraints used in the inversion per year is shown in Figure 3 for the regions USA, Europe, and China, where most of the stations are located. Note that measurements of HFC-134a over the continental U.S. beginning in 2008 recently became available but are not included in this analysis.
The estimate of all the errors involved in the observation errors in the inversion system, defined as in Fortems-Cheiney et al. [2013] , is approximately 3% (mean value of 1.3 × 10 À6 ppm). It combines representation errors Carpenter et al., 2014] , compared to other causes of uncertainties Figure 2 for the station locations. The data period listed is specific to this study. The different networks are NOAA/ESRL, the National Oceanic and Atmospheric Administration, Earth System Research Laboratory; AGAGE, the Advanced Global Atmospheric Gases Experiment; NIES, the National Institute for Environmental Studies, and ENEA, the Italian National Agency for New Technologies, Energy and Sustainable Economic Development. The AGAGE data are 2-hourly for the newer Medusa-GCMS measurements and 4-hourly for the older ADS-MS measurements. such as representation or model errors. Error correlations between the measurements are neglected, so that the covariance matrix R of the observation errors is diagonal (i.e., only variances are taken into account). It should be noted that the degree of freedom of the inverse problem is about 255.
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Calculation of the Analysis Error
The calculation of the analysis error is challenging in the framework of variational inverse system. Even though the analysis error covariance matrix can be written in various analytical forms, it requires the inversion of matrices that are too large to invert given the current computational resources in our variational approach. As a result, one way to compute the analysis error is to perform a randomization approach (Monte Carlo) to estimate the posterior errors on the fluxes. The result of this method is in agreement with the Bayesian covariance matrix A. This approach has been described in Chevallier et al. [2007] and contains the following steps: (1) running the LMDz-SACS chemistry-transport model with a climatology of surface emissions to generate a set of pseudo HFC-134a observations at the same location and time as the actual measurements, (2) perturbing the pseudoobservations consistently with assumed observation error statistics (described later in the section), (3) perturbing the state vector (that includes the surface flux climatology) consistently with assumed error statistics, (4) performing a Bayesian inversion of the surface fluxes using the perturbed pseudoobservations as constraints and perturbed state vector as the prior field, and (5) comparing the estimate of the inversion to the flux climatology to get the Bayesian errors of the estimate. The method is applied 10 times with different perturbations each time, in order to compute the posterior error statistics. We estimate the posterior 1 sigma uncertainty from these Monte Carlo inversion ensembles (10 members) for three different years: 1995, 2005, and 2010. Following the usual practice, we define the uncertainty reduction as (1 À σ a /σ b ) × 100, with σ b the prior error standard deviation and σ a the theoretical posterior error standard deviation.
Results
Theoretical Performance of the Inversion
The uncertainty on the posterior emissions, calculated with the Monte Carlo approach, is presented in Table 1 for the years 1995, 2005, and 2010. The uncertainty reductions reached by the inversion for the years 1995, 2005, and 2010 are synthesized in Table 3 for regional and global aggregations. The uncertainty reduction at the grid-scale resolution is also shown in Figures 1d and 1h , respectively, for years 1995 and 2010. In 1995, the global uncertainty reduction reaches 56%. At the regional scale, the uncertainty associated with the emissions is reduced by 54% for the U.S. and 11% for Japan. However, the uncertainty reduction remains small for Europe and China, owing to the lack of sampling locations near these regions ( Table 2 ).
The expansion of the surface network increases the number observational constraints in the inversion over time. Combined with the increased emissions in the atmosphere, this leads to larger uncertainty reductions, as shown in Figure 1 and in Table 3 , both at the global (71% and 84% in 2005 and in 2010) and at regional scales. Indeed, in 2005, the uncertainty reduction is 56% for the U.S. and 45% for Europe. For Japan and China, the uncertainty reduction is 40% and 23%; this increase of uncertainty reduction coincides with the setup of the first Asian site, Hateruma, in May 2004. Thanks to the benefits of the sites Gosan in South Korea (since November 2007) and Cape Ochi-ishi in Japan (since August 2008), the uncertainty reduction reaches 81% and 46%, respectively, in 2010.
Global HFC-134a Emissions
Table 1 presents the annual global prior and posterior HFC-134a emissions. Figures 1b and 1f show the relative difference between posterior and prior HFC-134a emissions at the grid point resolution, respectively, in 1995 and in 2010. Figures 4 and 6 show the global posterior HFC-134a emissions. Posterior emissions range from 18 ± 2 Gg/yr in 1995 to f167 ± 5 Gg/yr in 2010 (see Table 1 and Figure 4 ). These estimates are in excellent agreement with the posterior emissions of Xiang et al. [2014] , ranging from 20 Gg in 1995 to 153 Gg in 2010 who used the same NOAA and AGAGE networks and additional observational data (i.e., the aircraft campaigns Hiaper-Pole-to-Pole of Carbon Cycle and Greenhouse Gases Study HIPPO over the Pacific Ocean) to derive global emissions for these years. As seen in Table 1 , this is also consistent with the posterior emissions of Montzka et al. [2014] and Rigby et al. [2014] , ranging, respectively, from 22 Gg in 1995 to 168 and 167 Gg in 2010.
It is interesting to see that the yearly increase we derive is more pronounced from 2009 to 2010 (growth rate of +14%) than from 2005 to 2009 (mean growth rate of 3.5%). The absolute global emission magnitudes and increase in emissions are also consistent with the +17% inferred by Lunt et al. [2015] between their average estimate of 141.6 Gg/yr for the 2007-2009 period and of 166.5 Gg/yr for the 2010-2012 period (derived with 10 measurement stations from AGAGE and NIES networks).
One should note that discrepancies between different global-based inverted results can be due to the observational measurements used to constrain the emissions but also to the diversity of the inversion systems (such as the CTM used, whether or not the OH fields are prescribed in the model). Nevertheless, all these independent studies show a continuous rise of HFC-134a emissions between 1995 and 2010. Until the year 2000, posterior estimates are smaller than the prior ones with relative differences of about À4%. The differences between the prior and the posterior estimates increase after 2000 (i.e., À13% in 2005), demonstrating an overestimation of the EDGAR-v4.2 HFC-134a emissions on global scale.
Regional HFC-134a Emissions and Growth Rates
Almost all the posterior regional estimates are smaller than the prior ones: À7% for the U.S., especially over the east coast (modification in a range of À10% to À20%); À8% for Europe; and À23% for Japan in 2010. On the contrary, the Chinese posterior estimate is about the same as the prior one. In the following, regional HFC-134a emissions are discussed in details for the U.S., Europe, China, and Japan.
The United States of America Emissions
The posterior inventory highlights the U.S. as the main HFC-134a source, contributing at least 45% of the global emissions since 1995.
Our posterior U.S. emissions are higher than most of the previous studies for the years 2005-2007 (see Table 4 ). In 2005, we infer emissions 62% higher (57 ± 9 Gg/yr, starting from a prior of 68 ± 24 Gg/yr) than the 35 Gg/yr of Stohl et al. [2009] (starting from a prior of 57 Gg/yr). Our posterior U.S. estimates are also more than 2 times larger than the HFC-134a emissions estimated from aircraft measurement campaigns in 2004 and 2006 by Millet et al. [2009] and higher than the estimates of 43 of Manning and Weiss [2007] for year 2006 and of 43 ± 6 Gg/yr of Barletta et al. [2011] for 2008. The more comprehensive suite of data used here compared to these studies (e.g., measurements only from the THD stations for Manning and Weiss [2007] ) may explain such differences. On the contrary, our 2008-2010 average of 63 ± 9 Gg is in good agreement with the 52-61 Gg average estimated by Hu et al. [2015] for 2008-2010, derived from multiple inversion scenarios and using data from more sites (with daily flasks air samples and aircraft campaigns) over the U.S. than in our study.
As shown in Figures 4 and 7 [EPA, 2008] . However, our estimated HFC-134a emission increase from 2006 to 2010 contrasts with the decrease suggested by the EPA estimates for these years [EPA, 2014] .
It also should be noted that the posterior emissions show a slight decrease in 2009, also seen by Hu et al. [2015] , which is consistent with the decrease of number of vehicles per thousand people (828) higher 63% higher than the estimates of Lunt et al. [2015] for this year, derived from a different set of observational constraints (from eight AGAGE and two NIES measurement stations). Nevertheless, our 2010 Chinese value of 20 ± 4 Gg is consistent with the estimates of Su et al. [2015] that suggest about 17 Gg of HFC-134a from mobile air conditioning only, using an improved bottom-up method. Stohl et al. [2009] used the UNFCCC inventory as prior, while we use EDGARv4.2. The differences in the choice of prior may be critical, especially if the uncertainty associated to the prior is not well defined and prevents the system from a potentially necessary but important departure from the prior.
Evaluation Against Independent Measurements
To evaluate our posterior HFC-134a U.S. emissions, we compared model simulations with the independent (i.e., not used as constraints in the inversion) HFC-134a measurements from two campaigns: ARCTAS (Arctic Research of the Composition of the Troposphere from Aircraft and Satellites, NASA project, ) and CalNex (California Research at the Nexus of Air Quality and Climate Change, [Barletta et al., 2013] We have computed bias and root-mean-square error between the modeled and observed HFC-134a concentrations for each of the 164 and 1125 data, respectively, for ARCTAS and CalNex, before and after inversion. In Figure 5 , we present ratios between prior and posterior mean bias and root-mean-square error at the grid cell scale. For bias, ratio has been calculated as Ratio ¼ independent measurement À model before inversion ð Þ independent measurements À model after inversion ð Þ Grid cells in green, corresponding to a ratio lower than 1, indicate an improvement of the corresponding statistical indicator after optimization.
To further evaluate the interannual variability of our posterior HFC-134a emissions over the long period 1995-2010, we also used cross-validation technique by removing the Niwot Ridge station (from the NOAA network) from the inversion, and we performed an independent evaluation with this site. Figure 8 shows that the inversion leads to a significant improvement relative to the prior simulation. The mean annual reduction of the bias indeed ranges from À13% in 1995 to À80% in 2010, allowing us to confirm that American HFC-134a emissions are overestimated in the EDGAR-v4.2 inventory used here as prior, as seen by Hu et al. [2015] . This overestimation is particularly pronounced after year 2002.
Seasonality
The 8 day resolution of our inversion reveals seasonal variations in the posterior emissions (which are not present in the prior estimates; see Figures 6 and 7) . A seasonal cycle is inferred by the inversion, comparable to the seasonality found by Xiang et al. [2014] and by Hu et al. [2015] . It is interesting to note that this seasonality is similar to the one found by of observational constraints that could allow the capture of such a signal.
After 2007 the seasonality of the U.S. emissions becomes strong. For example in 2008, the U.S. August emissions are 26% greater than the January ones (6.44 against 5.12 Gg/month, respectively). This results in a slight overestimation of the summer HFC-134a concentrations at NWR station (used for the independent evaluation, see section 3.4 and Figure 8 ). Nevertheless, such seasonality is also found by Hu et al. [2015] , using different more constrained (with daily flask air samples and aircraft campaigns) inversion scenarios. They suggested that U.S. summer emissions are 20-50% greater than during winter for the 2008-2012 period. Figure 2 for the station location. The mean annual reduction of the bias indeed ranges from À13% in 1995 to À80% in 2010. 
Conclusions
We have estimated the spatial and temporal variability of HFC-134a emissions over 16 years, between 1995 and 2010, at a 3.75°× 2.5°and at 8 day resolution, improving our knowledge of the HFC-134a emissions by optimizing both their amplitude and their seasonality.
One of the major findings of this study is the appearance of a seasonal cycle in the HFC-134a emissions in 2002, which becomes enhanced over time. Our results also suggest that the gridded EDGAR-v4.2 inventory overestimates the U.S. and the Japanese budget and confirm the large underestimation of Chinese emissions by this same inventory.
U.S. emissions, and to a lesser extent European emissions, appear to have drastically increased since 1995 (from 10 to 71 Gg/yr in 2010 and from 4 to 37 Gg/yr in 2010, respectively). Driven by these enhancements, the global HFC-134a emissions have reached the unprecedented level of 167 ± 5 Gg/yr in 2010.
However, the regional growth rates have slowed down since 1995 over developed countries, with a rate of +5%/yr for the U.S., +4%/yr for Europe, and near zero for Japan over 2005-2010. On the contrary, the Chinese emissions, although currently lower than U.S. and European emissions, appear to grow at a rate of +20%/yr since 2005. Due to the growing demand for vehicles in Asia (269 vehicles per thousand people in 2030 [Davis et al., 2012; WARD, 2010] ), the HFC-134a emissions could potentially continue to rise significantly in the near future [Velders et al., 2009; Su et al., 2015] , unless this species is phased out by international agreements (e.g., Directive 2006/40/EC of the European Union or North American HFC phase-down amendment proposal [EPA, 2014] ).
